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Trisomy 21 is the prototype of human aneuploidies. Since its discovery in 1959, the hypothesis has been that
overexpression of the ~230 human chromosome 21 (Hsa2l) genes result in the complex phenotype. However, the
level of overexpression of Hsa2l genes in trisomic individuals is presently unknown. We have used Tagman real-time
quantitative PCR to accurately measure expression of the mouse orthologs of Hsa2l in the partial trisomy mouse
model Tsé5Dn. The transcript levels of 78 protein-coding genes present in three copies in Tsé5Dn and 21 control
genes were compared between Ts65Dn and normal mouse littermates. The mean overexpression of the aneuploid
genes is very close to the expected 1.5-fold in all six tissues studied. However, only approximately a third of the genes
(37%) are expressed at the theoretical value of 1.5-fold. On average, 45% of the genes are expressed at significantly
lower than 1.5-fold, and 9% are not significantly different from 1.0. Interestingly, 18% of the aneuploid genes were
expressed at levels significantly greater than 1.5-fold. These data provide candidate genes that might be involved in
the phenotypes of Down syndrome, and reveal a complex regulation of gene expression that is not only related to

gene copy number.

[Supplemental material is available online at www.genome.org.]

The phenotype of trisomy 21 (Down Syndrome, DS) has two
striking characteristics; the clinical features are highly variable,
only mental retardation and muscle hypotonia are considered to
be present in all individuals, and many features are present in the
general population at a lower frequency (Epstein 2001). A major
goal of understanding the molecular pathology of DS is the iden-
tification of genes that contribute to specific aspects of the phe-
notype. With the completion of the sequence of Hsa21 (Hattori
et al. 2000), extensive gene annotation (Davisson et al. 2001;
Pletcher et al. 2001; Reymond et al. 2001, 2002a), and the ex-
pression atlas (Reymond et al. 2002b) a wealth of data have ac-
cumulated on Hsa21 genes. However, the level of expression of
these genes in aneuploidy has not been extensively studied. This
information is important, as DS is caused by alterations in gene
dosage, and candidate genes for DS phenotypes could be identi-
fied. Whereas it is often assumed that genes present in three
copies in trisomic (Ts) individuals will be expressed 1.5-fold rela-
tive to euploid (Eu), this has not been formally tested for indi-
vidual genes.

The aim of this study was to accurately measure the expres-
sion of a large number of genes to determine the consequences of
trisomy on the level of gene expression from the aneuploid chro-
mosome. We used Tagman real-time quantitative PCR (qPCR) to
study the expression of the genes triplicated in the Ts65Dn par-
tial trisomy mouse model of DS (Davisson et al. 1990; Reeves et
al. 1995). Ts65Dn mice have many aspects of the phenotype that
characterize DS, for example, behavioral defects (Reeves et al.
1995) and cerebellar (Baxter et al. 2000) and craniofacial (Richts-
meier et al. 2000) abnormalities. We studied a total of 99 genes in
two developmental stages (postnatal day 30 and 11 mo) and six
different tissues (brain, heart, kidney, liver, lung, and muscle).
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RESULTS

Ts65Dn mice are trisomic for ~16 Mb of mouse Chromosome 16,
containing ~105 Hsa21 orthologs, from Gabpa to Znf295 (Akeson
et al. 2001; www.ensembl.org). We studied well-supported and
annotated genes (known genes or transcripts with multiple ESTs)
that could unambiguously be mapped to Hsa21. Mouse orthologs
of Hsa21 genes were identified by reciprocal BLAST searching
(Reymond et al. 2002b) and by use of mouse genome resources
available via the ENSEMBL project (www.ensembl.org). This pro-
duced a list of 104 genes and, after excluding the cluster of 22
keratin-associated proteins (Krtap) genes, we tested the remain-
ing 82 genes. An efficient Tagman assay was obtained for 78 of
these genes. We also included 15 control genes, six of which are
Hsa21 orthologs, but are not triplicated in Ts65Dn, and six nor-
malization genes (Methods).

A total of 99 genes were compared between Ts65Dn (Ts) and
euploid (Eu) mice in two developmental stages (postnatal day 30
and 11 mo) and six different tissues (brain, heart, kidney, liver,
lung, and muscle). For each tissue under study, equal quantities
of RNA from four individual male mice were pooled. Ts65Dn
mice, although not isogenic, are a mixture of only two strains
(C57B6 and C3H; www.jax.org), so the level of genetic variation
is considerably less than that in humans. Pooling of individual
mice, while reducing the variation seen, enables aneuploidy-
related differences to be identified without being confounded by
experimental or inter-individual variation.

Example amplification plots are shown in Figure 1, and give
an indication of the precision of the five replicates. Overall, the
standard errors (SEM) of Ts/Eu expression ratios are low, 85%
genes have a SEM <0.05 (the standard errors for all genes are
given in Supplemental Fig. 1). The use of qPCR enabled the quan-
tification of almost all genes in the study; on average 86% were
detected for a particular tissue (Table 1). This is considerably bet-
ter than microarray platforms, where generally 30%-60% of
genes are detected, depending on the tissue (data not shown).
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and 1.5-fold, for the molecular pathol-
ogy of DS, it is interesting to identify

genes that have expression ratios signifi-
cantly different from these levels (Fig. 2).
Genes that are consistently expressed at
higher levels in many tissues, for ex-
ample Adamts1 and Mx1, may be consid-
ered candidates for aspects of the DS
phenotype. One gene in particular,
Ankrd3 appears as a candidate for the
heart defects seen in 40% of DS indi-
viduals (Epstein 2001), as it is highly
overexpressed in both P30 (2.83-fold)
and 11 mo (5.09-fold) heart and maps
within the DS heart critical region (Bar-
low et al. 2001). Although Ts65Dn mice
do not have the heart defect, Ankrd3
overexpression in humans in combina-
tion with genomic variation outside of
Hsa21 may be causitive. Conversely, the
9% of genes that are not significantly
different from 1.0 are less likely to con-
tribute to DS phenotypes.

The coefficients of variation (CV, a
measure of the variation independent of
the mean; Sokal and Rohlf 1995) of the
test and control genes are significantly
different (t-test, P = 0.015); this indicates
that expression of the triplicated genes is
more variable than the control genes.
This difference, and the fact that the ma-
jority (63%) of genes are not expressed at
1.5-fold, suggests that there are consid-
erable differences in gene responses to
aneuploidy. If this variation in expres-
sion was stochastic, we would expect
that there would be no correlation in
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gene expression when comparing differ-
ent tissues. Plotting xAe for the genes
(Fig. 4), indicated that there might be a
similar expression pattern between the

Figure 1 Example of Tagman real-time PCR amplification plot from P30 kidney of Ts65Dn and
euploid mice. Two test genes (N6amt and C210rf18) and one normalization gene (Ppia) are shown. For
each mouse genotype and gene there are five replicates. (Inset) The normalized relative expression of

Ts65Dn to euploid (xAe) and the standard error (SEM).

The results for all genes and tissues are given in Figure 2 and
summarized in Table 1. Expression results are represented as the
normalized relative expression ratio Ts/Eu (xAe). On the basis of
the 95% confidence interval of each value, Figure 2 also indicates
how genes are expressed compared with the ratios 1.0 and 1.5.
The mean for the control genes is close to 1.0 for all tissues,
demonstrating that the normalization strategy we used is reli-
able. For the triplicated test genes, the mean is close to the theo-
retical value of 1.5-fold, suggesting that the increase in DNA copy
number leads to the expected increase in RNA levels. However,
the data are significantly skewed (g, = 2.70, P < 0.001; Sokal and
Rohlf 1995); many genes are expressed at a level significantly
different from 1.5-fold in each tissue (Figs. 2, 3). On average, 45%
of the genes are expressed at significantly lower than 1.5-fold,
and 9% are not significantly different from 1.0 (Table 1). Strik-
ingly, 18% of the trisomic genes are expressed at >1.5-fold. Thus,
only approximately a third of the genes (37%) are expressed at
the theoretical value of 1.5-fold.

Although the majority of genes are expressed between 1.0-

different tissues and stages. To test this,
correlations in gene expression between
different tissues were calculated (Table
2) and show that the fold expression in
the same tissue at the two different de-
velopmental stages are highly corre-
lated. Many of the other tissues also show a high degree of cor-
relation in gene expression (Table 2). In contrast, for the control
genes, only five (of the total of 45 pairwise comparisons) showed
a significant correlation, and r was very small (mean value 0.01,
data not shown), indicating that the variation observed in the
control genes was due to either experimental variation or natural
variation in gene expression. In summary, the data indicate that
expression is not disrupted in a random manner, but is repro-
ducible for most genes across most tissues.

DISCUSSION

The small differences in gene expression measured in this study
are not easily detectable by other methods of RNA quantification.
Other studies have used microarrays and serial analysis of gene
expression (SAGE) to study global gene expression changes in DS
(FitzPatrick et al. 2002; Mao et al. 2003) and Ts65Dn (Chrast et al.
2000; Saran et al. 2003). Whereas these techniques can distin-
guish between trisomic and euploid individuals by considering
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Figure 2 Normalized relative expression Ts/Eu (xAe). The values are the
expression of a gene for Ts65Dn relative to Eu for the tissues and stages
shown. The colors represent expression relative to the theoretical values
1.5 and 1.0, based on 95% CI for the values.
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global expression-pattern differences, they are poor at assessing
the effects of trisomy on the level of expression of individual
Hsa21 genes. Real-time quantitative PCR has considerable advan-
tages over these methods in that it can be used to accurately
detect very small changes in expression, and the sensitivity
means that expression values can be obtained for almost every
gene of interest. qPCR thus has advantages over arrays to mea-
sure gene expression in aneuploidy and to measure normal ex-
pression variation as a quantitative trait (Cheung and Spielman
2002; Cheung et al. 2003; Schadt et al. 2003).

The data presented reveal that aneuploidy results in overex-
pression of the genes on the aneuploid chromosome. It is diffi-
cult to predict how changes in DNA copy-number affect gene
expression relative to the diploid state. This has relevance for
both studies of aneuploidy and transgenic studies, as the assump-
tion of a direct relationship between DNA copy-number and rela-
tive RNA expression may not hold.

Down syndrome results from a complex interaction of ge-
netic, environmental, and stochastic variation (Shapiro 1997;
Pritchard and Kola 1999; Epstein 2001; Reeves et al. 2001). The
data presented here suggest that expression from the aneuploid
chromosome is similar across different tissues and developmen-
tal stages. This contrasts with the disruption in global gene ex-
pression noted in microarray studies (Chrast et al. 2000; Fitz-
Patrick et al. 2002; Mao et al. 2003; Saran et al. 2003). It thus seems
that there is an amplification of the initial variation that may, in
turn, result in the extensive variability of the phenotype that
characterizes DS. Our data show that aneuploidy results in a
subtle and complex overexpression of genes from the aneuploid
chromosome.

METHODS
RNA Isolation and cDNA Preparation

Total RNA was prepared from frozen tissues using Trizol (Invit-
rogen) according to the manufacturer’s instructions. The quality
of all RNA samples was checked using an Agilent 2100 Bioana-
lyzer (Agilent Technologies). In addition, littermates were used as
control mice. Total RNA was converted to cDNA using Super-
script II (Invitrogen) primed with poly d(T). For each tissue in the
study, 6 ug of total RNA was converted to cDNA in seven indi-
vidual reverse-transcriptase reactions; these were then pooled
and diluted ~1:14. This provided enough cDNA for subsequent
experiments.

Project Design and Selection of Normalization Genes

One of the major issues in qPCR analyses is the difficulty in
normalizing input cDNA to provide an accurate comparison be-
tween tissues (Bustin 2002). We devised a strategy in which we
analyzed three groups of genes, 82 test genes that are present in
three copies in Ts65Dn, six normalization genes from which we
selected three to normalize input cDNA for each tissue, and 15
control genes that are present in two copies in Ts65Dn (Ts) and
euploid (Eu). This latter group contained eight genes that are on
human Hsa21 (Hsa21), but the mouse orthologs map to chromo-
somes 10 and 17, and seven that do not map to Hsa21. A working
Tagman assay was obtained for 99 (95%). Assays for four genes
from the test group (Clic6, Grik1, Sh3bgr, Dscr6) did not have a
sufficient efficiency, so these genes were excluded.

For each tissue tested, the expression of all control and nor-
malization genes was compared between Ts65Dn and Eu. This
enabled us to select three normalization genes that produced no
difference in expression levels of the control genes between
Ts65Dn and Eu (Table 1). The mean relative expression Ts/Eu
(xAe, see below for analysis) for these genes is ~1, indicating that
the normalization genes chosen (see Supplemental Table 1) can
reliably be used to normalize input cDNA quantity (Vandesom-
pele et al. 2002).
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Figure 3 Histogram of normalized relative expression Ts/Eu (xAe). The values from Figure 2 are plotted into bins differing by 0.05. The dotted line

indicates the position of the value 1.5.

Real-Time Quantitative PCR

Tagman assays were designed using the program PrimerExpress
(Applied Biosystems) with default parameters in every case.
Where possible, assays were designed to span an intron, and for
89 (90%) this was possible. Non intron-spanning assays were
tested in standard +/ — RT reactions of RNA samples for genomic
contamination; in the majority of cases, no amplification was
observed, and in the remainder, amplification was at least 10
cycles later in —RT compared with +RT reactions. Amplicon se-
quences where checked by BLAST against the mouse genome to
ensure that they were specific for the gene being assayed. HPLC-
purified FAM-TAMRA-labeled double-dye Tagman probes were
obtained from Eurogentec (Seraing). The efficiency of each Tag-

man assay was tested in a ¢cDNA dilution series (Livak and
Schmittgen 2001). Oligonucleotide and probe sequences, assay
conditions, and calculated efficiencies are given in Supplemental
Table 2.

All reactions used qPCR mastermix (RT-QP2X-03) from Eu-
rogentec (Seraing). PCRs comparing Ts65Dn and Eu tissues were
set up using a Biomek 2000 robot (Beckman), in a 10-uL volume
in 384-well plates with five replicates per sample. All PCRs were
run in an ABI 7900 Sequence Detection System (Applied Biosys-
tems) with the following conditions: 50°C for 2 min, 95°C for 10
min, and 50 cycles of 95°C 15 sec/60°C for 1 min. For each tissue,
three 384 well plates were required to analyze all genes, and each
plate contained the appropriate normalization genes to control
for any variability between the different plate runs.

Table 1. Summary Statistics for Expression Data
Control genes Test genes
All genes

Tissue m SD cv m SD cv % <1.5(~1.0) % —1.5 % >1.5 % detected
P30 brain 1.00 0.08 7.52 1.43 0.20 13.93 38.0 (7.0) 54.9 7.0 91
P30 heart 0.98 0.14 13.73 1.39 0.32 22.64 45.5 (6.1) 48.5 6.1 82
P30 kidney 0.95 0.20 17.16 1.47 0.36 24.64 50.0 (5.4) 23.0 27.0 95
P30 liver 1.00 0.11 10.80 1.42 0.24 16.98 50.8 (8.2) 26.2 23.0 77
P30 lung 0.98 0.12 12.16 1.36 0.22 16.43 58.8 (8.8) 30.9 10.3 87
P30 muscle 0.97 0.14 14.08 1.50 0.23 15.03 28.6 (6.3) 44.4 27.0 79
M11 brain 1.01 0.11 10.68 1.39 0.26 19.02 52.8 (11.1) 37.5 9.7 91
M11 heart 0.98 0.22 22.55 1.49 0.65 43.50 50.0 (12.5) 34.4 15.6 82
M11 kidney 1.03 0.19 18.30 1.53 0.40 26.21 34.3 (14.3) 429 22.9 90
M11 liver 0.99 0.17 17.41 1.60 0.49 30.63 34.9 (9.5) 28.6 36.5 81
mean 0.99 0.15 14.44 1.46 0.34 22.90 44.5 (8.9) 37.2 18.3 86

Numbers represent the statistic for the expression level of genes for the given tissue. For all genes, the percentage of genes for which reliable
expression data could be obtained is shown in the last column. (m) Mean; (SD) standard deviation; (CV) coefficient of variation.
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Table 2. Gene Expression Correlations Between Tissues

P30 liver P30 heart P30 kidney = P30 muscle P30lung M11 brain  M11 liver M11 heart M11 kidney
P30 Brain 0.27* 0.28* 0.27* 0.49*** 0.40**
P30 Liver 0.52%** 0.60*** 0.52%** 0.58*** 0.36***
P30 Heart 0.50*** 0.56*** 0.61*** 0.26* 0.43*** 0.45***
P30 Kidney 0.48*** 0.53*** 0.47**
P30 Muscle 0.58*** 0.35** 0.39** 0.32* 0.34**
P30 Lung 0.32** 0.39** 0.34** 0.39**
M11 Brain 0.49*** 0.40** 0.48***
M11 Liver 0.53%** 0.37**
M11 Heart 0.25**
M11 Kidney

Spearman rank correlation coefficients (r) were calculated for all pairwise tissue combinations. Comparisons between the same tissue at two different
developmental stages are in bold. Only significant r are shown (P < 0.05). P values (*) 0.01 < P < 0.05; (**) 0.001 < P < 0.01; (***) P < 0.001.

Data Analysis

For qPCR, the raw data consist of PCR cycle number required to
reach a fluorescence threshold (Ct). Raw Ct values were obtained
using SDS 2.0 (Applied Biosystems). Subsequent assay efficiency
calculations and measurements of relative expression were car-
ried out in Excel (Microsoft). To calculate the normalized relative
expression ratio Ts/Eu (xAe) and error values, we used the
method geNorm (Vandesompele et al. 2002). For statistical analy-
ses, we used the programs Minitab, Prism, and Excel.

Reliability of Quantitative PCR

To test for systematic biases within our qPCR results, we looked
for correlations between the following values: the PCR efficiency
(E), threshold cycle (Ct), expression ratio Ts/Eu (xAe), and the
standard error (SEM) of xAe. There is no correlation between xAe
and either E or Ct (data not shown). Thus, individual Tagman
assays expression ratios (xAe ) are reliable independently of the
efficiency of the assay efficiency or the level of expression of the
gene (as Ct is correlated with expression level). There is, however,
a correlation between Ct and the standard error (see Supplemen-
tal Fig. 2). For experiments with Cts above ~30-35, the standard
error increases as the precision of replicate measurements de-
creases. However, because xAe is independent of Ct and se, the
measured xAe is reliable. It should be noted that for all experi-
ments, the Ct values were within the range of values obtained for
assay efficiency calculations.
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